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DME as alternative fuel for compression ignition engines — a review

The ecological issues and the depletion of crude oil, has led the researchers to seeking for non-petroleum based alternative fuels,
along with more advanced combustion technologies, and after-treatment systems. The use of clean alternative fuels is the one of the most
perspective method that aiming at resolving of the said issues. One of the promising alternative fuels that can be used as a clean high-
efficiency compression ignition fuel with reduced of toxic emissions is dimethyl ether (DME). Moreover, it can be produced from various
feedstocks such as natural gas, coal, biomass and others. This article describes the properties and the potential of DME application on
the combustion and emission reduction characteristics of the compression ignition engines.
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1. Introduction

Environmental pollution is the one of the most serious
problems that the world is facing today, which is causing by
the exhaust gases due to the burning of the fuels. This issue,
leads to increasing the stringent regulations that are aimed
to lowering the toxic emissions [6-8].

Internal combustion engines (ICE) have been widely
used in the different sectors (i.e., transport, industry, agri-
culture etc.) due to their improved durability and efficiency.
Unfortunately, the main energy source for piston engines
nowadays is a crude oil, which stocks are significant, but
not limitless. Continuously growing of the energy demand
(Fig. 1, Fig. 2, Fig. 3) and number of cars (Fig. 4), leads to
energy and political crisis related to the rapid depletion of
crude oil. Studies indicate that the known reservoirs of the
primary energy sources will sufficiently meet the world-
wide demand for another 39 years for oil, 61 years for natu-
ral gas and 216 years for coal [10, 16].
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Fig. 1. Primary energy demand [3]
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Fig. 3. Liquid fuels demand [3]. Cars include 2- and 3-wheelers, trucks
include most SUVs in North America, non-road includes aviation, marine
and rail

As presented on the Figure 3 the transport sector con-
tinues to dominate global oil demand.
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Fig. 4. The number of vehicles per 1000 inhabitants in individual regions
in the world [14]

Transportation sector (i.e., cars, trucks, trains, ships,
planes and other vehicles) is one of the main air pollution
sources. According to different sources, road transport
accounts from 23.5% [4] to 28% [9, 26] of all toxic emis-
sions in the world. Air pollution carries significant risks for
human health and the environment. The most harmful sub-
stances are nitrogen oxides (NOy), sulfur oxides (SOy),
carbon dioxide (CO,), hydrocarbons (HC) and particulate
matter (PM).

Stringent toxic emission regulations that are concerning
on the reduction of the harmful compounds in exhaust gas-
es, greenhouse gases as well as the reduction of fuel con-
sumption are currently one of the most important factors
affecting on the development directions of the:
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1. Internal combustion engines.
2. Exhaust after-treatment systems.

One of the most perspective methods that allows to
solving the environmental pollution issues and the depletion
of crude oil reserves, is the use of clean alternative fuels.
Whatever fuel is to replace petroleum, it must address the
following criteria:

1. There must be enough feedstock materials for the pro-
duction on a large industrial scale.

2. Relatively low production and transportation costs.

3. Ensure high energy efficiency for the internal combus-
tion engine.

4. Minimal or no negative impact of combustion products
and pure fuel on the environment and human health.

5. If possible, use the already existing infrastructure with-
out major changes of the:

— ICE fuel system,

— distribution and transportation of fuels to refill stations.

There are many alternative fuels that can potentially re-
place conventional petroleum oils including diesel and
gasoline, such as biodiesel, light alcohol fuels, biomethane,
natural gas, gas-to-liquid (GTL), coal-to-liquid (CTL),
biomass-to-liquid (BTL), dimethyl ether (typically abbrevi-
ated as DME). Among these fuels the most promising alter-
native fuel for diesel engines that is suitable for all re-
quirements is DME. The high cetane number over 55 (for
diesel usually does not exceed 55), low boiling temperature,
relatively low self-ignition temperature and good ecological
properties turns out dimethyl ether to be a promising clean
alternative fuel that can potentially replace diesel fuel.

The main objective of this paper is to discuss the com-
bustion and emissions characteristics, and environmental
effects of DME-fueled vehicles in order to highlight the
potential of DME as a fuel in the compression ignition
diesel engines and to share this useful information with
researchers, engineers and anyone who interested in alter-
native fuels for diesel engines.

2. Dimethyl ether

DME (dimethyl ether) — it is the simplest ether compound
with a formula of CH;—O—CHj, with some important proper-
ties such, as high cetane number, high oxygen content (about
35% of mass), no direct C—C bonds in the molecular struc-
ture (which produces considerably less pollutants like smoke
and particulate matter (PM) than conventional fuels), low
boiling point, low carbon to hydrogen ratio (C/H), has good
solubility with diesel, environmentally benign and causes no
negative health effects. To detect a leakage, DME does not
require an odorant because it has a sweet ether-like odor.
Under standard atmospheric conditions DME is a colorless
gas, but it can easily condense to the liquid phase under the
pressure at 0.5 MPa at 25°C. Liquefied DME has similar
properties to those of liquefied petroleum gases (LPG). DME
burns with a visible blue flame. The explosion characteristics
presented in Table 1.

A tropospheric lifetime of dimethyl ether is 5.1 days
[23, 25] therefore, DME does not affect on ozone depletion.
The DME global warming potentials is 1.2 (20-year), 0.3
(100-year), and 0.1 (500-year). Based on the analysis and
comparison presented in Table 2, it could be concluded that
dimethyl ether is environmentally benign.

Thanks to its properties (Table 3) and large variety of
raw materials (presented below), DME considered as
a promising renewable energy source which can potentially
replace conventional diesel fuel. These advantages led the
researchers [1, 5, 13, 23-25, 27, 28] and many others, to
provide investigations on the analysis of the conventional
diesel engines fueled with pure DME or blended with diesel
fuel.

Table 1. Explosion and hazard characteristics [23]

Parameters DME Diesel Propane Butane
Self-ignition tempera- 508 523 743 638
ture [K]

Lower explosion limit 3.0-3.4 0.6 2.1 1.9
[vol.%]
The upper limit of the 17-18.6 6.5-7.5 9.4 8.4
explosion [vol.%)]
Minimal ignition 0.29 - 0.26 0.305
energy [mJ]
Table 2. Global warming potentials [23, 25]
Chemical compounds Time horizon (years)

20 100 500
DME (CH;0CHj3) 1.2 0.3 0.1
Carbon dioxide (CO,) 1 1 1
Methane (CH,) 56 21 6.5
Nitrous oxide (N,O) 280 310 170

2.1. DME production
Traditionally, DME is produced as a result of the con-
version of various raw materials, such as natural gas, coal,
biomass, plastics waste, municipal waste in two distinct
ways (Fig. 5) [1, 2, 18, 21, 22]:
1. Indirect route by the dehydrogenation reaction of meth-
anol (Fig. 6).
2. Direct route, in which DME is produced in a single
stage by using a bi-functional catalyst directly from syn-
thesis gas (Fig. 7).
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Fig. 5. DME production diagram [2]

2.1.1. Indirect synthesis
In this method DME is produced from syngas in a two-
step process (Fig. 6):
— methanol produced from syngas,
— purification and dehydration of methanol.
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Fig. 6. A scheme of indirect synthesis process [2]
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2.1.2. Direct synthesis

Also, known as a single stage method, in which DME is
produced directly from syngas (mixture of hydrogen and
carbon monoxide (CO + H,)) in a single reactor. The sche-
matic of this process is shown in Fig. 7.

Single stage process is highly exothermic and, therefore,
the temperature of the process should be controlled proper-
ly in order to avoid run-away [2].
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Fig. 7. A scheme of direct synthesis process [2]

2.2. DME infrastructure

The analysis and comparison of the vapor pressure dia-
gram (Fig. 8), shows that the vapor pressure curve for DME
falls between butane and propane curves. This means that,
the storage, fuel handling, and transportation requirements
are similar to those used for LPG and can be used for DME.
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Fig. 8. The vapor pressure characteristics of different fuels [14, 23]

Since there are numerous LPG refilling stations, transi-
tioning to dimethyl ether could be less costly than building
a completely new infrastructure, of course the additional
refueling stations would be built as the demand for dime-
thyl ether increases. Dimethyl ether can be offloaded and
stored at the refilling station using the same methods and
equipment as those used for LPG (Fig. 9). However, due to
the different DME properties, LGP infrastructure must be
redesigned (discussed in the following chapters).

g 10 1

Fig. 9. DME distribution system to the refilling stations [12]

2.3. Advantages and disadvantages
The reasonableness of the DME use in the compression

ignition engines can be determined by the detailed examin-

ing its advantages and disadvantages.

Advantages:

1. Due to a high cetane number DME has excellent igni-
tion ability and short ignition delay.

2. Low boiling point leads to almost instantaneous evapo-
ration of liquid DME after injection into the engine cyl-
inder.

3. DME can be blended with various fuels such as, diesel,
biodiesel, LPG and other.

4. Low carbon to hydrogen ratio than diesel fuel (C/H)
results in a lesser amount of CO, and greater amount of
H,O generated following full combustion, which is the
effect of the combustion of hydrogen [14].

5. High oxygen content together with the absence of any
direct carbon-to-carbon (C-C) bonds leads to almost
smoke-free combustion, and producing considerably
less particulate matter (PM) than conventional diesel
fuel.

6. Combustion noise from compression ignition engines is
significantly lower when DME is used instead of diesel
fuel, due to a slower pressure rise during the premixed
burning stage.

7. DME can be applied to the compression ignition engine
with minor modifications in the fuel supply system (dis-
cussed in the below sections of this paper).

8. Major benefit from this fuel is the big reduction of ni-
trogen oxides (NOy), carbon monoxide (CO), hydrocar-
bon (HC) and particulate matter (PM) emissions, subject
to the properly designed injection and combustion stra-
tegies [12, 13, 23].

According to the authors [1, 5, 13, 23-25, 27] and oth-
ers, the most challenging aspects of the DME use in the
diesel engines are related to its physical properties and not
to its combustion characteristics.

Disadvantages:

1. Because of the low boiling point DME is a gas in the
standard atmospheric conditions, therefore it must be
pressurized in a fuel system, stored in a pressurized
tank, and handled in a liquid form under appropriate
pressure.

2. Lower heating value requires a larger injected volume,
longer injection period and advanced injection timing in
order to deliver the same amount of energy to that pro-
vided by diesel fuel. To solve this problem, can be used
injectors with a larger nozzle diameter. Moreover, to
balance the energy content, the DME fuel tank must be
correspondingly larger, which increase vehicle total
weight.

3. Low viscosity causes leakage problems within the fuel
supply system. To prevent this, issue it is necessary to
appropriate sealing the elements in the fuel-injection
systems.

4. Low lubricity leads to the surface wear problems of
moving parts within the fuel-injection system. Accord-
ing to the authors [12, 23, 24] the lubricity can be en-
hanced by addition of 500-2000 ppm of a lubricity ad-
ditive such as, Lubrizol (1000 ppm), Hitec 560 (100
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ppm) and Infineum R655 (500 ppm). From the other
hand, this issue can be solved by the adaptation of the
materials of the bearing surfaces and plunger/barrel in-
terfaces to the low lubricity of DME, however, this so-
lution technically is very complex and expensive.

Dimethyl ether non-corrosive, but is an excellent sol-
vent which can dissolve a number of elastomers most
commonly used in the diesel engines and other plastic
components [1]. To prevent seals quality deterioration

after prolonged exposure of DME, it is necessary to
carefully select appropriate sealing materials (such as
polytetrafluoroethylene (PTFE)).

The high vapor pressure of DME means that cavitation
can take place, which in turn impedes stable fuel-
injection operation. To avoid cavitation the fuel supply
pressure (the feed pressure from the storage tank to the

fuel pump) must be between 1.2-3 MPa [1, 12].

Table 3. Properties of alternative fuels compared to diesel fuel [10, 11, 13,20, 23-25]

Parametr Diesel Fuel DME Butane | Propane | Methanol | Ethanol | Biomethane | Biodiesel GTL
FAME
Chemical formula C.H>, or CHsnso CH30CH3 C4Hip C;3Hg CH;0OH C,HsOH CH,4 - -
(n=13~17)

Molecular weight 170 46.07 58.13 44.11 32.042 46.07 16.04 296 259.6
[g/mol]
Liquid density at 20°C 800-840 668 610 501 791.3 789.4 0.72 9193 784.6
[kg/m’]
Liquid viscosity at 25°C 2-4 0.12-0.15 0.2 0.2 0.543 1.1 1.12 38 3.497
[cSt]
Vapor pressure at 25°C - 5.1 8.4 2.1 - - 200-250 - -
[bar]
Boiling temperature 125-400 -249 -0.5 -42.1 65 79 -162 280-350 72
[°C]
Self-ignition temperature 254 235 365 470 385 363 470 261 254
[°C]
Cetane number 40-55 55-60 10 5 2 11 0 54-56 79
Lower heating value 36 28.43 45.74 46.36 20.08 26.83 444 34 43.65
[MJ/kg]
Stoichiometric A/F [kg/kg] 14.6 9.0 14.8 15.7 6.47 9.0 10.42 12.5 14.97
Latent heat of evaporation 250 410 390 426 1162.64 918.42 511 254 -
[kJ/kg]
Content of carbon, oxygen 86/0/14 52.2/34.8/13 | 82.8/0/ | 75/0/25 |37.5/50/12.5| 52.2/ 74/0/26 77/10.32/ 85/0/15
and hydrogen 17.2 34.73/ 12.18
[% by mass] 13.07
Sulfur content [250 0 0,01 0,01 0 0 0 0.01 max <0.05
[ppm]

2.4. Application of dimethyl ether in diesel engine

There are three main application modes of DME fuel in

compression ignition engines:

1.

Dual fuel combustion mode (fuel mixture ignited by the
pilot diesel):

DME injected into the inlet manifold. In this operation
mode DME in gaseous form inducted into the intake air
of the inlet manifold to form homogeneous mixtures and
then ignited by the direct injected diesel in the cylinder.
This mode is inexpensive and requires only minor modi-
fications by adding a separate fuel tank, fuel lines and
fuel injector. This method is roughly the same as LPG,
demands the same kind of handling and storage consid-
erations as for LPG. The schematic diagram of this
mode is shown in Fig. 10.

DME injected inside the cylinder in a liquid form. In
this mode each fuel required a separate fuel supply sys-

tem as presented in Fig. 11 or they can be injected via
one injector.
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Fig. 10. Scheme of the ICE CI powered by gaseous DME
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In dual fuel mode when alternative fuel runs out, then
electronic control unit automatically switch engine to a
reserve tank of diesel fuel.

2. Blended mode:

— One of the major benefits of DME is solubility with
various fuels. In this point of view, according to the au-
thors [10, 23] for example the blending of DME with
propane improves the lower heating value of DME, the
use of DME/biodiesel blend as engine fuel does not re-
quire any lubrication additive due to the high lubricity
and viscosity of biodiesel. Fuel blended mode is a good
inexpensive solution which does not require any modi-
fications in the fuel supply system. Moreover, compared

to the conventional diesel fuel, it is found that the
blended fuel reduces toxic emissions in the exhaust gas-
es [5, 10, 23].

3. Single fuel mode:

— Due to, the high cetane number and great self-ignition
abilities. DME can completely replace diesel fuel.
Technically this solution is very complex and expen-
sive, and requires major modifications in the fuel supply
system.

2.5. Combustion and emissions characteristics

The evaluation on the combustion and emissions char-
acteristics, include the calculated heat release rate and the
cylinder pressure.

The authors [27] studied the operating parameters and
emissions characteristics of diesel engine fueled with
DME/Diesel blends (DM10 — 10% DME and 90% diesel,
DM15 - 15% DME, DM20 — 20% DME). Fuel properties
and the constitutions of three oxygenated blends are given
in Table 4. According to authors [27] they used a commer-
cial four-cylinder, water-cooled, naturally aspirated diesel
engine 4113, made by Wu Xi diesel factory. No more mod-
ifications are made on the engine except the fuel pipe and
fuel tank. The fuel pipe is changed into the copper one due
to the causticity of DME to original rubber pipe. The diesel
fuel tank is changed to LPG vessel to prevent DME from
evaporating [27].

Table 4. Physical and chemical property of DME, diesel and DME/diesel blend [27]

Properties DME Diesel DM10 DM15 DM20
Liquid density, [g/cm’] 0.668 0.84 0.823 0.814 0.803
Low calorific value, [MJ/kg] 28.43 42.5 41.1 40.4 39.7
Cetane number 55-60 40-55 > 40 cetane number <60
Stoichiometric A/F, [kg/kg] 9.0 14.6 14.04 13.76 13.48
Latent heat of evaporation, [kJ/kg] 410 250 - - -
wt.% of carbon 522 86 822 80.93 79.24
wt.% of oxygen 34.8 0 3.48 5.22 6.96
wt.% of hydrogen 13 14 13.9 13.85 13.8

Figure 12 gives the comparison information of the pow-
er output of the engine fueled with four kinds of fuels at
speed characteristics with a full load. It can be seen that the
more DME percentage in blend is, the lower the power
output is. The reasons are [27]:

90 4
80 =
1 —a— diesel —&—2
®— DM10
E 70 4 DM15 /\
S —v—DM20
& 60+
-
° 50
[}
g 40
Q
304
20 r v 1 )
1000 1500 2000 2500 3000

speed / r.min"!

Fig. 12. The comparison of power outputs among various fuels [27]

1. The lower calorific value of blends compared to con-
ventional diesel.

2. The smaller amount of fuel delivery resulted from lower
density for blend fuels.

Increasing the amount of fuel delivered per cycle, can
improved a power output parameters.

The heat release rate of various fuels is demonstrated in
Fig. 13. It can be seen that the amount of heat release of
diesel/DME blend fuels during the premixed combustion
stage is smaller than that of diesel fuel. The smaller amount
of heat release during the premixed combustion stage re-
duces the combustion pressure and temperature and leads to
low NO, emission [27].

Figure 14 and Figure 15 show comparative values of
various toxic compounds in the exhaust gasses. It can be
seen that the use of DME/diesel blend as engine fuel can
reduce smoke emissions significantly, especially at higher
loads, in the same way NO, emissions are reduced some-
what in comparison with conventional diesel. The emis-
sions of HC and CO are higher than those in diesel fuel.
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Authors [27] pointed to a need of the injection strategy
optimization to reduce HC and CO emissions. Similar to
authors [27], numerous studies [5, 10, 13, 23, 24] shows
that NOy, PM and smoke emissions are slightly lower than
those of the diesel fuel operation, however, HC and CO
emissions rise. According to the author’s [10, 23], the HC
and CO emissions could be reduced with an earlier injec-
tion period, which would promote the oxidation reaction of
the HC and CO emissions. According the authors [13, 23,
24] NOy emissions reduces due to the larger temperature
drop of the mixture due to heat absorption during DME
vaporization causes by higher latent heat value of DME.
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Fig. 13. The comparison of the heat release among various fuels [27]

On the other hand, numerous studies [15, 17, 28], re-
ported that NOy emissions are higher from DME combus-
tion than diesel combustion, due to rapid ignition and a high
combustion temperature.

However, high NO, emission from DME combustion
can be easily reduced to a similar or lower level than that
produced by diesel combustion by using a various methods
such as exhaust gas recirculation (EGR) and optimization
of the injection strategy, what is confirmed by many au-
thors [10, 13, 23, 24].

Different results in the studies shows that, the emission
characteristics of DME-fueled engines depends significant-
ly on the engine specifications, fuel supply system, engine
operating conditions including injection strategy (single or
multiple injections, low or high injection pressure etc.).

Proper adaptation and optimization of the engine operat-
ing conditions including the injection strategy and operation
algorithms of the diesel engine electronic control unit can
helps to reach a state of clean emissions with current com-
bustion technology (Fig. 16 and Fig. 17).
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Fig. 14. The comparison of CO emissions [27]
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Fig. 15. The comparison of harmful emissions among various fuels [27]
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Fig. 16. The comparison of harmful emissions using diesel and neat DME [25]
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Fig. 17. The comparison of harmful emissions among the DME and diesel
fuel [12]

3. Cost of different fuel types

One of the key features that determining the alternative
fuels perspectives is price competition with conventional
petroleum-based fuels. Simple and easily comparable in-
formation on the prices of different fuels could play an
important role (Table 5) in enabling vehicle users to better
evaluate the relative cost of different fuels available on the
market [19], and as result in the consideration of alternative
fuel as a substitute for petroleum fuels.

Table 5. Comparison of fuel prices [19]

Type of fuel Energy content Fuel price Fuel price per 10

M/ | kWi [kWh]
Petrol 32 8.88 1.536 (€/1) 1.730
Diesel 36 10 1.398 (€/1) 1.398
Natural gas 444 12.3 1.103 (€/kg) 0.897
Biomethane 444 12.3 1.103 (€/kg) 0.897
LPG 24 6.6 0.693 (€/1) 1.050
DME 28.43 79 0.624 (€/1) 0.786
Biodiesel/B7 33 9.16 1.398 (€/1) 1.526

Each fuel has different calorific value so it is important
to compare fuels with their energy content as kilowatt hour
(kWh) [19]. In this way, the differences between fuels in

terms of energy content would be directly visible without
the “detour” of a reference fuel [19]. A scaling in 10 kWh
would be more familiar to the consumer as 10 kWh is
equivalent to the energy content of a liter of diesel [19].

Currently it is quite difficult to determine the consumer
cost of DME, and it is mainly depending on the raw materi-
al cost and production method. According to International
DME Association, the DME consumer cost estimated at
75%-90% of LPG price.

4. Conclusions

Numerous investigations of DME-fueled engines have
indicated that the DME offers excellent promise as an alter-
native fuel for compression ignition diesel engines that can
address the pragmatic realization on depleting petroleum
reserves and growing concerns on environmental pollution.

The prominent advantages of dimethyl ether as a fuel
and energy carrier are high cetane number, superior atomi-
zation performance, high oxygen content, no direct C—C
bonds, low boiling point, low carbon to hydrogen ratio
(C/H) and etc. Moreover, from the environmental benefits
point of view, DME is better than diesel fuel, which has
been also confirmed by numerous investigations. From
technical point of view the DME fuel handling and storage
system could be very similar to LPG systems very well-
known from automotive industry. In additional, DME may
be produced from the renewable materials such as biomass
or waste.

Overall, DME has been found to be a very promising al-
ternative fuel for compression ignition engines that can
potentially replace diesel fuel.

The further research by the authors of this paper, are the
investigations of the DME fuel combustion in the
Volkswagen AJM 1.9 TDI engine in dual fuel mode.
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